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Abstract
We present evidence that the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) is a site for protein
splicing of cathepsin C: (i) maturation of the enzyme in COS 7 cells is a two-step process starting within the ERGIC, and (ii)
the intermediately processed polypeptide retains both termini of the proenzyme and lacks an internal fragment. ß 1999
Elsevier Science B.V. All rights reserved.
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The function(s) of the recently discovered endo-
plasmic reticulum (ER)-Golgi intermediate compart-
ment (ERGIC) is not yet established (reviewed in
[1]). Some evidence indicates that the ERGIC-speci¢c
lectin p53 may function as a molecular chaperon for
the sorting of a subset of secreted proteins from ER
to Golgi [2]. Recycling of ERGIC-53 from ERGIC
to ER was found to be required for e⁄cient intra-
cellular sorting of cathepsin C (EC 3.4.14.1), but it
did not appear to be essential for many other glyco-
proteins [3]. The physiological importance of the in-
teraction between the ERGIC-53 chaperon and cath-
epsin C may relate to the fact that cathepsin C is one
of the rare examples of a multisubunit lysosomal
enzyme [4]. Here we present evidence that procathep-
sin C undergoes splicing within the ERGIC prior to
the ¢nal maturation within the lysosomes.
Processing of rat cathepsin C was found to include
a mature form that was the major band [4,5]. Addi-
tional fragments have been observed as well, but are
not further discussed [5]. We suggest that some of
these fragments could represent intermediately proc-
essed forms which appear transiently in the course of
maturation. In order to study the sorting and proc-
essing of cathepsin C and possible in£uence of its
glycosylation, we transiently transfected COS 7 cells
with the cDNA for the rat cathepsin C. Cells were
grown in Dulbecco modi¢ed Eagle’s medium (Life
Technologies) supplemented with 10% of fetal calf
serum (Sigma). For transfection, we used 10 Wg of
cDNA [6] and 50 Wg of LipofectAMINE reagent
(Life Technologies) following the manufacturer’s in-
structions. The transfected cells were labeled for 30
min with 1.5 mCi of Tran[35S]Label (ICN) and
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chased for 0, 1, 2, or 6 h. The cells were harvested in
1 ml of PBS, pH 7.4, NP-40 was added to 1% and
lysates were immunoprecipitated for 16 h at 4‡C with
rabbit antiserum against rat cathepsin C [5]. The im-
munoprecipitates were deglycosylated with endogly-
cosidase H (endo H, NEB) following the manufac-
turer’s instructions. Proteins were boiled in a bu¡er
containing 1% L-mercaptoethanol and resolved on a
10% SDS polyacrylamide gel electrophoresis (SDS-
PAGE) (Fig. 1). The proenzyme with an apparent
mobility of 46 kDa was processed shortly after the
pulse and gave a polypeptide with an apparent mo-
bility of 28 kDa. Approximately 2 h later, this poly-
peptide was further processed to the mature form
with an apparent mobility of 23 kDa, and within
6 h of chase the process was almost completed.
The intermediate processing of the proenzyme
could result from an autoprocessing event upon shift
in the pH within the lysosomes [7], or could occur
before sorting to the lysosomes. To distinguish be-
tween these two possibilities, we labeled cells trans-
fected with cDNA overnight with 0.5 mCi of
Tran[35S]Label. The cells were harvested in 2.5 ml
of isotonic imidazole bu¡er (IB, 3 mM imidazole,
pH 7.4, 0.25 M sucrose). Plasma membrane was dis-
rupted in a Dounce homogenizer and the organelles
were sedimented at 55 000 rpm for 10 min. The pellet
was resuspended in 2.5 ml of IB, layered over a 15%
Percoll gradient (Pharmacia) and centrifuged for 10
min, 50 000 rpm in a 50Ti rotor (Beckman). Thirteen
aliquots were collected (Fig. 2A) and assayed for
distribution of two lysosomal marker enzyme activ-
ities: hexosaminidase and acid phosphatase [8] (Fig.
2B). The aliquots were combined in three pools, NP-
40 was added to 1% and the lysates were immuno-
precipitated and resolved on a 15% SDS-PAGE (Fig.
2C). The intermediately processed polypeptide was
localized in the light microsomal fraction which dem-
onstrated that its processing had not occurred in the
lysosomes. The mature form was localized in the
heavy lysosomal fraction.
We reasoned that if the processing of cathepsin C
to the intermediate polypeptide occurs prior to lyso-
somes, an accumulation in another compartment
should be observed. Cells transfected with the
cDNA for cathepsin C were incubated and ¢xed
for 10 min on ice in 80% acetone. The cells were
blocked for 5 min in PBS-1% BSA and incubated
for 1 h at room temperature with each, the primary
anti-cathepsin C antibody diluted 1:50 and the
FITC-conjugated secondary goat anti-rabbit anti-
body (Amersham) diluted 1:100. Coverslips were ob-
served by £uorescent microscopy (Provis Photomi-
croscope, Olympus) (Fig. 3). Approximately 60% of
the images had an ER-Golgi origin (Fig. 3A) char-
acterized by asymmetrical perinuclear labeling.
About 20% of the images were from the ERGIC
(Fig. 3B) characterized by intensive di¡use staining
reaching the far edges of the cells. The ERGIC pat-
tern observed was similar to the one obtained for
another glycoprotein [9]. The visualization of cathep-
sin C polypeptides in the ERGIC strongly suggested
that the early processing event was performed within
this compartment. The remaining 20% of the images
had a lysosomal-endosomal origin (Fig. 3C) charac-
terized by perinuclear dotty staining.
In order to determine the impact of the individual
oligosaccharide side chains for processing and sort-
ing of the rat cathepsin C, we mutagenized the
Fig. 1. Pulse-chase labeling of the rat cathepsin C. The position
of the proenzyme, the intermediate polypeptide and the mature
enzyme is shown with arrows on the right side, the size of mo-
lecular weight markers on the left side, and the chase time on
the upper side of the gel. Immunoprecipitates treated with en-
doglycosidase H are marked with ‘+’.
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cDNA to inactivate one or more of the four glyco-
sylation sites within the proenzyme [6]. The mutagen-
ized clones designated C123, C124, C134, and C234
contained a single intact glycosylation site at posi-
tions four, three, two and one, respectively. Upon
transfection, the polypeptides were labeled overnight
and subjected to immunoprecipitation. The immuno-
precipitates were treated with endo H and the poly-
peptides were resolved on a 15% SDS-PAGE (Fig.
4A).
Upon endo H treatment, the mobility of all the
propeptides retaining at least one intact glycosylation
Fig. 2. Subcellular fractionation of COS 7 organelles. (A) Opti-
cal density of the gradient is shown on the left side. (B) Distri-
bution of the lysosomal markers. The relative enzymatic activity
is given on the left side. (C) Immunoprecipitation of the com-
bined fractions. The position of the proenzyme, the intermedi-
ate polypeptide and the mature enzyme is shown with arrows
on the right side and the size of molecular weight markers on
the left side of the gel.
Fig. 3. Indirect immuno£uorescence of the rat cathepsin C. (A)
ER-Golgi localization. (B) ERGIC localization. (C) Lysosomal-
endosomal localization. Bar = 10 Wm.
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site shifted, which means that all glycosylation sites
acquired oligosaccharide chains, con¢rming the ¢nd-
ings for the human homologue [10]. The intermediate
polypeptide, which may correspond to the additional
fragment observed in another study [5], appeared as
a faint band, obviously due to completion of matu-
ration early in the biosynthetic pathway. The inter-
mediate polypeptide from the mutant glycosylated at
position three (C124) was devoided of the region
harboring this site as its mobility did not shift
upon endo H treatment (Fig. 4A; compare lanes 5
and 6). Processing of any of both termini of the
proenzyme was not likely to occur for the following
reasons: the amino-termini of the intermediate prod-
ucts harboring the glycosylation sites at positions
one and two (C134 and C234) were identical to
that of the proenzyme, as judged by the shift upon
endo H treatment (Fig. 4A; compare lanes 3 and 4, 7
and 8). Similarly, the carboxy-termini of the inter-
mediate products of all four mutants were also iden-
tical to that of the proenzyme because cleavage of
the 8-kDa light chain (Fig. 4B) would have created
an intermediate polypeptide of 38 instead of 28 kDa.
Therefore, we concluded that the intermediate poly-
peptide resulted from splicing of procathepsin C.
The protein processing within the ERGIC ob-
served in our study is likely to a¡ect a small set of
glycoproteins. Cathepsin C is active as a holoenzyme,
and as such is a rare example among both the lyso-
somal enzymes [11] and the proteases in general [12].
While two of the monomeric subunits of the enzyme
derive from the heavy and the light chains of its
mature form, the third subunit originates from the
proregion [13]. We tend to speculate that the proc-
essing in the ERGIC may be related mainly to oligo-
meric glycoproteins, and the processing of the pro-
cathepsin C within the ERGIC may be essential for
the in situ generation of one of its subunits. This
probably requires an additional quality control of
the processed proenzyme. The recently shown de-
pendence of cathepsin C sorting on ERGIC-53 [3]
may serve such a functional role.
The protein splicing has been recognized in the
lower eukaryotes [14]. To our knowledge, the proc-
essing of cathepsin C in COS 7 cells is the ¢rst exam-
ple of involvement of protein splicing in higher eu-
karyotes.
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